Specific inhibitors of hyaluronan (HA) biosynthesis can be valuable therapeutic agents to prevent cancer invasion and metastasis. We have previously found that 4-methylumbelliferone (MU) inhibits HA synthesis in human skin fibroblasts and in group C Streptococcus. In this paper, the inhibition mechanism in mammalian cells was investigated using rat 3Y1 fibroblasts stably expressing HA synthase 2. Exposure of the transfectants to the inhibitor resulted in significant reduction of HA biosynthesis and matrix formation. The evaluation of HAS transcripts and analysis of cell-free HA synthesis demonstrated the posttranscriptional suppression of HAS activity by MU. Interestingly, the posttranscriptional suppression of HAS activity was also observed using p-nitrophenol, a well known substrate for UDP-glucuronyltransferases (UGT).
INTRODUCTION
There are a considerable number of reports showing that the biosynthesis of hyaluronan (HA) is elevated in disorders such as fibroses of organs, diseases associated with inflammation, and some types of tumors including mesothelioma and Wilm's tumor (1) (2) (3) (4) (5) . For instance, accumulation of HA is associated with the progression of atherosclerosis (6) . During the progression of hepatitis, HA derived from the Ito cells accumulates in the liver, causing fibrosis and eventually cirrhosis of the liver (7) . Since HA is directly associated with liver fibrosis it has long been utilized as a marker for the diagnosis of chronic hepatitis (8) . Also, an exponential increase of HA in the endocervical canal at inappropriate stage of pregnancy can result in a miscarriage (9) . Recent genetic approaches showed that overproduction of HA accelerated tumor growth and is associated with cancer metastasis (10) (11) (12) (13) (14) .
4 researchers have attempted without success to discover specific inhibitors of HA synthesis in mammalian cells (18) (19) (20) (21) (22) . 4-Methylumbelliferone (MU, 7-hydroxy-4-methyl-2H-1-benzopyran-2-one) was previously found to inhibit HA synthesis in cultured human skin fibroblasts but had no effect on the synthesis of any other glycosaminoglycan (23, 24) . Since then MU has been used as an inhibitor of HA synthesis in many studies on the functions of HA, although its precise mechanism has not been established in mammalian cells (10, 25, 26) .
For many years MU has been used safely in human medicine as a cholagogue by oral administration (27) . The clinical application of MU for controlling HA synthesis could potentially prevent malignant alteration of cancer cells and fibrosis of organs. It would therefore be helpful to clarify the inhibition mechanism of MU in mammalian cells. The information may also be useful in developing new compounds which are more effective inhibitors and/or display lower cytotoxicity than MU. A possible phospholipid-dependent inhibition mechanism of MU was found using group C Streptococcus in our preceding paper (28) . We suggested that MU treatment may inhibit HAS activity by altering the distribution of cardiolipin species surrounding HAS in the plasma membrane. However, the change in the distribution of cardiolipin cannot by itself account for the observed inhibition of HA synthesis. Furthermore the proposed mechanism of inhibition involving cardiolipin might be specific for Streptococcus, since mammalian cells have low levels of cardiolipin in the plasma membrane. Indeed the effect of cardiolipin on enzymatic activity is distinct between mammalian HAS1 and streptococcal HAS (29) , suggesting that the MU-mediated inhibition is quite complex. In this study we demonstrate a UGTdependent inhibition mechanism for HA synthesis in mammalian cells using transfectants that express mouse HAS2. We propose the inhibition of HA synthesis is due, in part, to a depletion in the pool of UDP-GlcUA, a common substrate of HAS and UGT.
by guest on http://www.jbc.org/ Downloaded from 6 Particle exclusion assay. 3Y1-HAS2 cells plated at 1 x 10 3 cells in a 35 mm dish were cultured for 2 days and then further cultured for a day with or without 300 µM MU. An aliquot of glutaraldehyde-stabilized sheep erythrocytes (3 x 10 8 ) in PBS was then added to the culture medium. After 15 min, the culture was observed using an inverted phase-contrast microscope (OLYMPUS IMT-2) (33) .
Quantitative Analyses of the HAS Transcripts. The relative level of HAS expression in the HAS2
transfectants was determined by real-time quantitative RT-PCR as described previously (11) . The gene-specific PCR primers and probes were designed from the mouse HAS2 and rat HAS sequences using the Primer Express software (Applied Biosystems, Foster City, CA). The sequences of the various oligonucleotides were: the forward primer for mouse HAS2 was 5'-CCTCGGAATCACAGCTGCTTATA-3', and the reverse primer was 5'-CTGCCCATAACTTCGCTGAATA-3'; the probe for mouse HAS2 was 5'-TCGCATCTCATCATCCAAAGCCTCTTTG-3'; the forward primer for rat HAS1 was 5'-GGAGATGTGAGAATCCTTAACCCTC-3', and the reverse primer was 5'-TGCTGGCTCAGCCAACGAAGGAA-3'; the probe for rat HAS1 was 5'-CAGAGCTACTTTCACTGTGTGTCCTGCATC-3'; the forward primer for rat HAS2 was 5'-CCTCGGAATCACAGCTGCTTATA -3', and the reverse primer was 5'-CTGCCCATGACTTCACTGAAGA -3'; the probe for rat HAS2 was 5'-TCACACCTCATCATCCAAAGCCTCTTTG -3'; the forward primer for rat HAS3 was 5'-GGTACCATCAGAAGTTCCTAGGCAGC-3', and the reverse primer was 5'-GAGGAGAATGTTCCAGATGCG-3'; the probe for rat HAS3 was 5'- Fig. 3 and for mass spectrometry, a peak corresponding to MU-GlcUA was collected by HPLC as described below. A fraction containing MU-GlcUA was prefractionated from culture supernatant using a Sep-Pac Plus C18 Cartridge (Waters, MA) prior to HPLC. Briefly, the culture supernatant was loaded onto the cartridge and then the cartridge was washed with water. Bound materials containing MU-GlcUA were eluted with 100% methanol and concentrated using a vacuum evaporator centrifuge (Iwaki, Tokyo, Japan), and analyzed by HPLC. A peak of MU-GlcUA was collected and desalted using a Sep-Pac Plus C18
Cartridge. After drying the residue was dissolved into methanol and analyzed by TLC or mass spectrometry.
TLC analysis of the MU-sugar or pNP-sugar derivative. Radiolabeled MU-sugar or pNP-sugar derivatives produced in the cell-free HA synthesis system was treated with or without 2 U of β-glucuronidase at 37˚C for 1 h and then separated by TLC. TLC was performed on a silica 60 TLC plate (MERCK, Darmstadt, Germany) using 1-butanol/ethanol/water (5:3:2, v/v/v) as the mobile phase (35) . After drying the plate, radioactive spots were detected using a BAS 5000 BioImaging Analyzer. The radiolabeled product derived from the incubation of pNP and UDP-[ 14 C]GlcUA according to the standard assay method of UGT (36) was used for determining the mobility of pNP-GlcUA. Fluorescent spots containing MU or MU-sugar were detected by ultraviolet irradiation using a transilluminater. Authentic MU-GlcUA was used as a standard.
Mass spectrum measurements. Mass spectra were obtained on a PE-Sciex API-100 singlequadrupole mass spectrometer (Thornhill, Ontario, Canada) equipped with an atmospheric pressure ionization source described previously (37) . The mass spectrometer was operated in the negative mode. Samples dissolved in 50% isopropanol were ionized by electrospray ionization (ESI) and continuously infused into the ESI chamber at a flow rate of 5 µl min -1 .
RESULTS
Inhibitory effect of MU on HA production and HA matrix formation of the HAS2 expressing cells.
MU was originally found to inhibit HA synthesis and HA matrix formation of cultured human skin fibroblasts (23, 24) . The recent discovery that MU inhibits HA synthesis of group C Streptococcus in a phospholipid-dependent fashion provided new insight into understanding the mechanism of inhibition (28) . However, the inhibition of HA synthesis by MU cannot be explained by this mechanism alone, particularly in mammalian cells. In this study, we examined the effects of MU on HA synthesis using HAS2 overexpressing cells in order to clarify which by guest on http://www.jbc.org/ Downloaded from step of HA synthesis is the target for the inhibition. The HAS2 overexpressing cells, named 3Y1-HAS2, were established from rat 3Y1 fibroblasts by transfection with HAS2 cDNA as described previously (32) . Formation of pericellular HA matrices and HA production were significantly inhibited in 3Y1-HAS2 cells by treatment with MU as observed previously in cultured human skin fibroblasts (23, 24) (Fig. 1 ). The formation of pericellular HA matrices was inhibited bỹ 30% during exposure to 300 µM MU compared with the non-treated control. The level of inhibition was even more apparent at higher concentrations of MU (data not shown). HA accumulation in the conditioned medium was dose-dependently decreased by MU treatment both in the exponentially growing and confluent phases of 3Y1-HAS2 cells (Fig. 1E ).
Transcription of the mouse HAS2 transgene and the endogenous HAS genes in the transfectants was assessed by real-time RT-PCR using mouse and rat specific HAS primers and probes. No obvious change in the transcriptional levels of these HAS genes was observed at the low or moderate concentrations of MU, whereas the level of the endogenous HAS2 gene was inhibited during exposure to a high dose of MU (Table I) . These results suggest that MU inhibits HAS activity posttranscriptionally at the low or moderate concentrations of MU. In contrast, a high dose of MU inhibits HA synthesis by suppressing HAS functions both transcriptionally and posttranscriptionally.
Effect of MU on HA synthesis and chain elongation in a cell-free HA synthesis system. Cell-free HA synthesis was examined using the membrane-rich fraction of 3Y1-HAS2 cells. As shown in Fig. 2A , HAS activity was inhibited by MU in a dose-dependent manner and the inhibition reached up to 50% of the non-treated control at 300 µM MU. The inhibitory effect was observed at an early stage of HA synthesis and reached a plateau 30 min after treatment with MU ( Fig. 2B ).
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The size distribution of HA synthesized in the cell-free system was also determined by agarose gel electrophoresis ( Fig. 2C and D) . The decrease in the molecular size of HA was caused by MU treatment in both a dose-and time-dependent manner. This data suggests MU inhibits HA synthesis by suppressing HAS function posttranscriptionally. Furthermore, the MU-mediated inhibition of HA synthesis may be caused by direct inhibition of HAS activity.
MU has been used as a substrate to measure the activity of UGTs, which are involved in the detoxification of phenolic compounds in mammalian cells, particularly in the liver (38) . Since HAS possesses a glycosyltransferase activity for UDP-GlcUA within its polypeptide (17), we initially hypothesized that the enzyme is able to transfer GlcUA to MU from UDP-GlcUA and the glucuronidation of MU competitively inhibits chain elongation of HA. We therefore tested the effect of pNP, another acceptor for UGTs (39), on HAS activity. As shown in Fig. 2A , HAS activity was indeed inhibited by pNP.
Production of MU-GlcUA in the culture medium and in the reaction supernatant of the cell-free HA synthesis. The effects of both MU and pNP prompted us to investigate whether the glucuronidation of these compounds is involved in the inhibition of HAS activity. The production of MU-GlcUA was analyzed by HPLC using conditioned medium from 3Y1-HAS2 and 3Y1-Mock cells which were cultured for 24 h in the presence of various concentrations of MU. In the presence of MU, two major peaks appeared with a retention time of approximately 7 min and 22 min (Fig. 3A and B) . The peak 2 at 22 min corresponded to that of the MU standard, whereas the peak 1 at 7 min was identified as MU-GlcUA since this coincided with that of an authentic standard sample and was sensitive to treatment with β-glucuronidase. Interestingly, a similar level of MU glucuronidation was observed in the control 3Y1-Mock cells (Fig. 3B ) which 13 express low levels of endogenous HAS2 and HAS3. This suggests that glucuronidation was mediated by the endogenous UGT activity expressed in the 3Y1 host cells. The MU derivative in peak 1, collected from the HPLC fraction, migrated on TLC at the same position as authentic standard MU-GlcUA (Fig. 3C) . To estimate the molecular weight of the MU derivative, the peak 1 observed on HPLC was collected and subjected to ion-spray mass spectrometry. The negativeion mass spectrum of the peak 1 from 3Y1-HAS2, shown in as demonstrated in the other cell systems (40) . It was difficult to estimate the ratio of the UDPGlcUA consumed for production of MU-GlcUA, to total intracellular UDP-GlcUA. It seems, however, reasonable to assume that the amount of UDP-GlcUA, which had been consumed to produce MU-GlcUA, is equal to (or more than) the amount of the produced MU-GlcUA. Total amounts of secreted and intracellular MU-GlcUA suggested that 22.8% and 9.4% of loaded MU was converted to MU-GlcUA at the concentrations of 30 µM and 300 µM, respectively.
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Transglycosylation of GlcUA to MU or pNP was confirmed by TLC analysis of the cell-free reaction mixture. When UDP-[ 14 C] GlcUA was used to monitor the glucuronidation, radiolabeled spots corresponding to authentic MU-GlcUA or pNP-GlcUA used as standards were produced by endogenous UGTs in the presence of MU or pNP, respectively ( Fig. 5A and C) .
When UDP-GlcUA and [ 14 C] pNP were added to the cell-free HA synthesis, radiolabeled spots corresponding to pNP-GlcUA was also detected on TLC (Fig. 5B) . The radiolabeled spots disappeared after treatment with β-glucuronidase, showing that GlcUA was transferred from UDP-GlcUA to MU or pNP in the cell-free HA synthesis. Our experiments suggest that HAS does not mediate the glucuronidation of MU or pNP, since MU-GlcUA and pNP-GlcUA were detected using both 3Y1-HAS2 and 3Y1-Mock cells.
Effect of MU-GlcUA on the HAS activity. MU and pNP derivatives of xylosides, MU-Xyl and
pNP-Xyl, have been shown to act as artificial primers for the initiation of glycosaminoglycan synthesis in cultured mammalian cells (41, 42) . These derivatives behave as native primers.
Then the idea that MU-GlcUA and pNP-GlcUA might affect the initial step in HA elongation has struck us. To examine this possibility, MU-GlcUA or pNP-GlcUA was added to the cell-free HA synthesis. As expected, HAS activity was inhibited by MU-GlcUA or pNP-GlcUA in a dosedependent manner ( Fig. 6A and B) . However, the inhibitory activity of these compounds was far less than that of aglycon, MU and pNP, suggesting that they do not directly inhibit HA synthesis.
Surprisingly, similar results were also obtained using other sugar derivatives of MU or pNP, i.e.
MU-GlcNAc, MU-Glc, pNP-GlcNAc, and pNP-Glc. Indeed when any of the pNP sugar derivatives were incubated with UDP-[ 14 C] GlcUA in the cell-free HA system, the de novo production of radiolabeled pNP-GlcUA was detected by TLC (Fig. 6C) . However, radiolabeled pNP-GlcUA was absent when the pNP sugar derivatives were incubated without the membrane fraction (data not shown). The de novo production of radiolabeled pNP-GlcUA could be due to the liberation of pNP or MU from its respective sugar derivative, and the transfer of GlcUA to the free aglycon from UDP-GlcUA by the endogenous UGT activity. Therefore the inhibition of HAS activity may be dependent on the repeated glucuronidation of the free aglycon liberated from the sugar derivatives.
UGTs enhanced the inhibition of HAS activity by MU. Although our results suggested that MUGlcUA did not directly inhibit HAS activity, the production of MU-GlcUA by the endogenous UGTs seemed to be important for inhibition. We therefore investigated whether the inhibitory effect of MU and pNP was related to glucuronidation. To test this hypothesis, we examined the effect of recombinant UGT proteins on the inhibition by MU or pNP. Increased glucuronidation of pNP was observed by TLC when a recombinant UGT1A6 protein was added to the reaction mixture of cell-free HA synthesis (Fig. 7B) . Under the same conditions used in the TLC analysis, the recombinant UGT significantly enhanced the inhibitory effect of pNP on HA synthesis (Fig.   7A ). In contrast, UGT did not affect the HAS activity in the absence of pNP regardless of whether it was active or not. Almost the same degree of inhibition was observed by adding UGT1A7, which is one of the isoforms, in the presence of pNP or MU (Fig. 7C) . These results suggested that the inhibition of HAS activity was directly related to extent of glucuronidation mediated by UGT.
The link between the inhibition of HAS and glucuronidation was further confirmed using the transfectants overexpressing a human UGT1A6 isoform (Fig. 8) . The UGT1A6 and/or HAS2 expression plasmids were transiently transfected into COS cells and the HAS activity was then by guest on http://www.jbc.org/ Downloaded from measured in the presence or absence of 100 µM MU. COS cells do not express any UGT activity, as only a trace amount of MU-GlcUA was detected by TLC in the case of the membrane-rich fraction from the Mock or HAS2 transfectants (Fig. 8B ). However, a large amount of MUGlcUA was detected when UGT1A6 was expressed in the COS cells (Fig. 8B) . The system is therefore suitable for investigating the effects of MU glucuronidation on the HAS activity. When COS cells co-transfected with both UGT1A6 and HAS2 cDNA were treated with MU, HAS activity was only 30% that of the untreated control value (Fig. 8A) . However, for the membranerich fraction from transfectants expressing HAS2 alone, only a slight decrease in HAS activity was observed in the presence of MU (Fig. 8A) . HA production into the conditioned medium was also measured when these transfectants were cultured with or without MU. The results were similar to those obtained using the cell-free system (Fig. 8C ). Taken together, these results suggest that the inhibition of HA synthesis by MU or pNP is caused by the UGT-dependent glucuronidation of these compounds.
Effect of UDP-GlcUA on the inhibition of HAS activity by MU.
The inhibition of HA synthesis may be caused by a depletion in the pool of UDP-GlcUA due to UGT-mediated MU glucuronidation. If this hypothesis is correct, we would expect HAS activity to recover after addition of an excess amount of UDP-GlcUA to the cell-free HA synthesis, even in the presence of MU. Indeed we did observe the recovery of HAS activity following addition of UDP-GlcUA in a dose-dependent manner (Fig. 9A ). UDP-GlcUA was then added to the reaction mixture 1 h after the initiation of HA synthesis. The HAS activity inhibited by the MU treatment was partially rescued when the UDP-GlcUA concentration increased (Fig. 9B) . We also determined whether HAS inhibition was enhanced by pretreatment of the membrane fraction with MU prior by guest on http://www.jbc.org/ Downloaded from to the initiation of the HA synthesis. If the kinetic lag shown in Fig. 2B reflects the duration for the depletion of UDP-GlcUA in the reaction mixture or formation of MU derivative inhibitor, then the preincubation would inhibit HAS activity more completely. However, time-dependent changes in the HAS activity revealed that the kinetic lag still remained and the effect was minimal at an early incubation time (Fig. 10) . Furthermore, the pretreatment of membranes with MU-GlcUA had a lesser effect on HAS activity than that of MU (Fig. 10) , suggesting that the HAS activity is not inhibited irreversibly by MU-GlcUA. This was also confirmed by the experiment where HAS activity was measured under the MU-GlcUA-free conditions using membrane fractions pretreated with 300 µM MU-GlcUA (data not shown). Similar result was also obtained when the membrane fractions were pretreated with 300 µM MU (data not shown).
Taken together, the results suggest that the glucuronidation event followed by the subsequent reduction of UDP-GlcUA concentration affects the HAS activity at the late stage of HA elongation.
DISCUSSION
In this study we present a novel mechanism for the inhibition of HA synthesis involving the UGT-dependent glucuronidation of MU. Although MU has been widely used as an inhibitor of HA synthesis (10, 25, 26) , the exact inhibitory mechanism is not clear, especially in mammalian cells. A major problem in the elucidation of this inhibitory mechanism has been the complexity of the HA synthetic system that is regulated by three related mammalian HAS isoforms, HAS1, HAS2, and HAS3 (17) . To reduce this complexity we initially established three rat 3Y1 cell lines, each expressing a distinct HAS isoform, to test whether MU inhibited HA production and matrix formation in a similar way to that observed for human skin fibroblasts (23, 24) . When the cells were cultured in the presence of MU, a decrease in both HA production and matrix formation was observed in all three transfectants, and in particular the HAS2 transfectant (data not shown).
Therefore, we adopted HAS2 expressing cells to further elucidate the inhibition mechanism of MU in this study.
We had previously observed growth suppression of human skin fibroblasts when treated with a high concentration of MU. HA synthesis is known to be down-regulated in growth-arrested cells (43) . Our recent study also suggested that HAS gene expression is regulated via signaling cascades linked to cell proliferation (44) . Therefore we investigated whether the antiproliferative effect of MU lowers the expression of HAS and subsequently HA synthesis. At low and moderate concentrations of MU, however, we could not detect any significant change in the transcriptional levels of endogenous HAS genes in the rat 3Y1 transfectants, despite the significant decrease in HA synthesis. The fact that MU inhibited HA synthesis, even in the transfectants in which HAS expression is driven by an exogenous promoter, suggested the posttranscriptional inhibition of HA synthesis. However, we could not rule out the possibility that MU down-regulated the promoter activity of the endogenous HAS genes since they were moderately suppressed at high concentrations of MU.
To avoid the influence of growth suppression, we examined the effect of MU on HAS activity in a cell-free system. The HAS activity in the crude membrane fraction from the HAS2 transfectants was inhibited by MU treatment. The result is consistent with the idea that MU inhibits HA synthesis posttranscriptionally and in a growth-independent fashion. Interestingly, a similar result was obtained when pNP was tested for the ability to inhibit HAS activity in the cellfree HA synthesis. This led us to examine whether these two compounds, known to be good shown to act as artificial primers for the initiation of glycosaminoglycan biosynthesis in cultured mammalian cells (41, 42) . In plants, the lipid-sugar conjugate has been shown to act as a primer in the synthesis of cellulose (45) . We considered the possibility that MU-GlcUA may act as an artificial initiation primer for HA synthesis thereby decreasing the efficiency of HApolymerization, the primary role of HAS. However, this hypothesis seemed unlikely since the inhibition rate of MU-GlcUA was less than that of MU. Moreover, no elongation products of MU-GlcUA were detected in the conditioned medium or in the supernatant of the cell-free HA synthesis (data not shown). Alternatively, previous studies have shown that MU and pNP derivatives of xylosides, MU-Xyl and pNP-Xyl, significantly inhibited the biosynthesis of HA as well as sulfated glycosaminoglycans (23, 46) . As for the mechanism, it was suggested that free pNP, which is generated by the enzymatic hydrolysis of pNP-Xyl mediated the inhibitory effect (47) . In the current study, we also detected a significant liberation of pNP from its sugar derivatives. These results together with our finding that glucuronidation of the free aglycons occurred in consistent with the inhibition rate of HA synthesis support the importance of the glucuronidation in the inhibition.
Elevating the level of MU-GlcUA, by addition of exogenous recombinant UGT, promoted the inhibition of HA synthesis in the cell-free system. Furthermore, when COS cells overexpressing UGT and HAS2 were treated with MU, the inhibitory effects were enhanced both in terms of HAS activity and HA production. Excess glucuronidation of MU by UGT could deplete the pool of UDP-GlcUA, which is a common substrate for HAS and UGT. As shown in Fig. 9A , the inhibition of HA synthesis was reduced to the control level when an excess of UDPby guest on http://www.jbc.org/
Downloaded from
GlcUA was added to the in vitro reaction mixture. Thus, it is conceivable that the cellular concentration of UDP-GlcUA could be an important factor in the inhibitory action of MU. To clarify the mode of action, we determined whether the HAS inhibition was enhanced by pretreatment of the membrane fraction with MU or MU-GlcUA prior to initiating HA synthesis.
Time dependent changes in HAS activity demonstrated that pretreatment with MU exerted little effect on the inhibition of HA synthesis at the initiation step (Fig. 10) . However, the inhibition of HAS activity after MU treatment was partially rescued by increasing the UDP-GlcUA concentration at the later time points (Fig. 9B) . Taken together, the results suggest that the glucuronidation event followed by the subsequent reduction of UDP-GlcUA concentration predominantly affects the chain elongation after the lag period of HAS inhibition. Consistent with this idea, the chain elongation of HA was reduced by MU after the lag period as shown in Fig. 2 . This could be rationalized by assuming that the K m value for UDP-GlcUA of HAS enzymes is altered in a manner depending on the chain length of synthesizing HA.
The glucuronidation event may affect HAS activity to a greater extent in the cells expressing elevated levels of UGTs. Indeed MU significantly lowered HAS activity in rat 3Y1 cells expressing endogenous UGT, in contrast to COS cells which do not express any UGT. Altering the cellular level of UDP-GlcUA would be expected to mirror these observations. Depletion of UDP-GlcUA in the cellular pools may affect the biosynthesis of other GlcUA-containing glycosaminoglycans such as heparan sulfate and chondroitin sulfate. Previous studies, however, indicated that the action of MU had no affect on glycosaminoglycan biosynthesis in human skin fibroblasts (23, 24) . We considered several possible explanations related to the selective inhibition of the synthesis by MU. MU may specifically target HAS due to its cellular localization which is different from other glycosyltransferases, EXTs (48, 49) and chondroitin synthases (50) (51) (52) involved in the biosynthesis of heparan sulfate and chondroitin sulfate, respectively. All the glycosaminoglycans, with the single exception of HA, are synthesized at the intracellular Golgi network. HA is synthesized on the inner side of the plasma membrane by a membrane-associated HAS (17) . The cell-free HA synthesis revealed that UGT activity is present in the membrane preparations. This is consistent with previous observations in which most UGTs are present in the endoplasmic reticulum (ER) and nuclear membrane (53) .
Glucuronidation of MU may result in a differential reduction in the local concentration of UDPGlcUA near the plasma membrane and in the Golgi and ER. Alternatively, this observation could be rationalized by assuming that the K m value for UDP-GlcUA of these enzymes varies markedly.
In previous work, however, the K m values for UDP-GlcUA were similar among recombinant HAS2 (32), chondroitin synthases (51, 52) and UGT1A6 (54) . Another explanation for the selective inhibition would be the preferential effects of MU on the chain elongation of a large molecular-mass of HA (over 1 x 10 6 Da) as shown in Fig. 2 .
One might expect a common inhibition mechanism for MU in both the mammalian cells and Streptococcus, since they synthesize HA with exactly the same structure using homologous enzymes (17) . A possibility of posttranscriptional inhibitory mechanism was also speculated from the results in group C Streptococcus that MU did not affected the expression level of HAS (28) . On the other hand, we speculated that MU inhibits HA synthesis of group C Streptococcus in a cardiolipin-dependent fashion without significant change in HAS activity in the cell-free HA system. The discrepancy between this result and the observations reported in this paper may be due to a different level of MU-GlcUA in the Streptococcus. Indeed, the production of MUGlcUA was not detected in either the conditioned medium or in the cell extract of Streptococcus.
Furthermore, the effect of cardiolipin on enzymatic activity is distinct between mammalian HAS and streptococcal HAS (29) . Although the mechanism of action of MU is complex, our results suggest that glucuronidation of MU is partially account for the inhibition of HA synthesis in Peak 1 from 3Y1-HAS2, eluted at the same position of authentic standard MU-GlcUA in the HPLC (Fig. 3 ) was collected and analyzed by ion-spray mass spectrometry. The conditions were described under "Experimental Procedures". Various concentrations of UDP-GlcUA were added together with 100 µM MU in the membranerich fractions from COS transfectants co-expressing UGT1A6 and HAS2, and then the HAS activities were calculated as percentages relative to that of the non-treated sample. The inhibitory by guest on http://www.jbc.org/ Downloaded from effect of MU was diminished to the control level by an excess amount of UDP-GlcUA. B. The membrane-rich fractions from COS transfectants co-expressing UGT1A6 and HAS2 were preincubated for 1 h with (+) or without (-) 300 µM MU in the reaction buffer as described in "Experimental Procedures". Additional UDP-GlcUA was then supplied at the concentration of 0.1 mM to the reaction mixture and further incubated at 37 °C for 1 h. The inhibition of HAS after treatment with MU was partially rescued at the increased concentrations of UDP-GlcUA.
Data represent average of three independent experiments ± SD. *p < 0.05. by guest on 
